Advances in the analytical industry in terms of better selectivity, fast response and long life have prompted a search for better ionophores or neutral carriers possessing electrical neutrality, lipophilic character and capability to selectivity and reversibly bind metal ions to induce a selective permeation of one metal ion through the membrane electrode. [1] [2] [3] Due to the vital importance of copper in industry 4 and in many biological systems, 5, 6 there is still an urgent need for a better copper-selective sensor for potentiometric monitoring of Cu 2+ in different industrial, medicinal and environmental samples. In the past, extensive efforts have been made to improve the selectivity of copper(II)-ion selective electrodes. Thus, many cyclic and acyclic macromolecules have been suggested as electroactive ionophores, e.g. Schiff bases, 7-10 non-macrocyclic compounds, 11-19 macrocyclic compounds, 20,21 crown-ether, 22,23 polyamines 24,25 and metalloporphyrin. 26,27 In the present study, we report on Cu(II)-ISE based on 1, 2,5,6,8,11-hexaazacyclododeca-7,12-dione-2,4,8,10-tetraene, (I) as an ionophore, which has been proved to be a superior electrode compared to some of those electrodes reported earlier in terms of a wide concentration range, better response time and longer life span.
(40% aqueous solution) from Ranbaxy; dioctylphthalate (DOP), sodium tetraphenylborate (NaTBP), dimethyl sebacate (DMS), dibutyl butylphosphonate (DBBP) and semicarbazide hydrochloride were procured from BDH (England). Alkali, alkaline earth and transition metal salts in the form of nitrate or chloride were obtained from Merck.
Synthesis of macrocycle (I)
To an ethanolic solution (80 ml) of glyoxal (0.04 mol, 5 ml approx.) semicarbazide hydrochloride (0.04 mol, 4.44 g) was slowly added with stirring, batch wise and then refluxed for about 4 h at 60˚C, using mechanical stirring. Then, LiOH (1 g, 0.04 mol) was added to the reaction mixture, and again the reaction was continued for the next 4 h. A white-colored thick solution of the reaction mixture produced a light-yellow precipitate, which was cooled, filtered and washed with water and cold EtOH. The obtained powdered compound was dried in vacuo (Scheme 1).
anal. %: found (Calcd.): C 37.02 (37.11); H 3.11 (3.09) , N 43. 26 (43.30) . Mass (m/z): 193. 1 H-NMR (CDCl3): a singlet at δ 9.09 ppm attributed to -NH (2H) and quarterate at δ 2.4 -2.9 ppm CH (4H).
Preparation of membranes
Membranes were prepared according to a method reported by Craggs et al. 31 Varying amounts of the ionophore, 1,2,5,6,8,11-hexaazacyclododeca-7,12-dione-2,4,8,10-tetraene and PVC were dissolved in the minimum amount of THF. Solvent mediators (DBP, DOP, DMS, DBBP and NaTBP) were also added in different proportions to obtain membranes of different compositions. The thus-obtained solutions, after complete dissolution of various components, were poured into glass rings, placed on a smooth and clean surface, and directed to slow evaporation at room temperature. After 48 h, non-transparent membranes were obtained with a thickness of 0.2 mm, which were then cut to size and attached to one end of cylindrical glass tubes with the help of PVC. The ratio of the membrane constituents, time of contact and concentration of the equilibrating solution were properly adjusted to obtain the best possible potential response.
Potential measurements
The membranes were equilibrated with a 0.01 M Cu(II) nitrate solution for 3 days, and the potential across the membrane was measured by setting up the following cell assembly: external saturated calomel electrode (SCE) ⎮ internal 0.01 M Cu(NO3)2 solution ⎮ membrane ⎮ test solution ⎮ internal saturated calomel electrode (SCE).
All potential measurements were made by using a digital pH metal potentiometer (Elico LI-10, India) in conjunction with SCE as reference electrodes. Potential studies were carried out in a glass-jacketed test solution cell at definite temperature (25 ± 0.5˚C) maintained by using a Julabo VC type thermostat. The concentration of Cu(NO3)2 in the test solution was varied over the range of 1.0 × 10 -8 to 1.0 × 10 -1 M.
Determination of copper contents in Indian black tea
The procedure used for the extraction of copper from tea sample was similar to the reported in the literature. 32 After 1 g of the dry tea sample (dried at 110˚C) was placed in a 50 ml beaker followed by the addition of 7 ml of concentrated nitric acid, the beaker was then covered with a watch glass. The beaker was allowed to stand overnight and the contents were heated on a hot plate (150˚C for 15 min). After the sample was cooled, 8 ml of perchloric acid was added and the mixture was heated again at 200˚C until the solution became clear (about 1 h). The watch glass was removed and the acid evaporated to dryness at 150˚C. A white residue was completely dissolved in 5 ml of 1 M nitric acid, and the solution was transferred to a 100 ml volumetric flask. The solution was then neutralized with a proper NaOH solution. Finally, 10 ml of a 0.1 M sodium acetate/acetic acid buffer solution of pH 5.5 was added, and the solution was diluted to the mark.
Treatment of electroplating waste 33
A 40-ml amount of electroplating waste was first filtered and added 5 ml of concentrated sulfuric acid. The final volume of the solution was made up to 50 ml while maintaining the pH between 3.0 and 4.0, and then the solutions were suitably diluted.
Results and Discussion
The structure of ionophore (I) was found to be suitable to form metal chelate complexes. The ionophore underwent a chelation reaction with metal ions in a neutral medium, since there are four possible coordination sites in the molecules. Ionophores for use in sensors should have adequate complex formation constants and rapid exchange kinetics due to conformational changes between the macrocyclic ligand and its metal complex in the membrane. In addition, they should be very soluble in the membrane matrix, and have a sufficient lipophilicity to prevent leaching from the membrane into the sample solution. 34 The selectivity of neutral carrier-based ISEs is known to be governed by the stability constant of the neutral carrier-ion complex and its partition constant between the membrane and the sample solution. 34 In preliminary experiments, the ionophore (I) was used as a neutral carrier to prepare a membrane ISE for a wide variety of metal ions, including alkali, alkaline earth, transition and heavy metal ions. The potential responses obtained for the most sensitive ISEs based on ionophore are shown in Fig. 1 .
Among these ions, Cu 2+ ions provide the most suitable ion selective electrode. To understand the possible mode of coordination of macrocyclic ligand (I) with the Cu(II) ion, a complex, Cu(II)-I was prepared by refluxing an alcoholic solution of (I) and copper nitrate metal salt in a 1:1 w/w ratio for 3 h. A dull-green colored metal complex was filtered, washed with ethanol and dried in vacuo. Based on an elemental analysis, the complex formed was found to have a composition of CuI(NO3)2. A molar conductance study (9.8 Ω -1 cm 2 mol -1 ) suggests its nature to be a non-electrolyte, and the complex could be formulated as [CuI (NO3) may have a tetragonal geometry with a planar coordination of the ligand around the Cu 2+ ion and the anions occupying the axial positions (Scheme 2).
The stability and selectivity of the complexation of (I) with a number of transition and heavy metal ions were also investigated conductometrically in an acetonitrile solution 35, 36 at 25 ± 0.1˚C. The formation constant (Kf) of the resulting 1:1 complexes was determined by computer fitting of the molar conductance-mole ratio data to appropriate equations; 35, 36 the results are given in Table 1 . Based on the relative stabilities of the resulting complexes, the macrocyclic compound (I) is expected to act as a highly selective ionophore for the copper ion in constructing an ion selective electrode.
Thus, we are interested to use 1,2,5,6,8,11-hexaazacyclododeca-7,12-dione-2,4,8,10-tetraene, (I) as a potential ionophore in ISEs.
Optimization of the membrane composition
The sensitivity and selectivity obtained from a given ionophore depend significantly on the membrane composition and the nature of the plasticizer used. 37 Therefore, the effect of the membrane composition on the potential response of the Cu(II) electrode was investigated. For this purpose, the performance characteristics of several membranes having ingredients in different preparations are listed in Table 2 . As can be seen from Table 2 , the use of 61.5% DBP in the presence of 29% PVC, 4.5% ionophore and 5% NaTBP (membrane No. 7) results in the best sensitivity with a Nernstian slope of 29.5 ± 0.3 mV per decade over a wide dynamic range. It should be noted that the presence of lipophilic anion in cation-selective membrane electrodes not only diminishes the ohmic resistance, 38 but also enhances the response. Thus, from the data presented in Table 2 , it is seen that addition of NaTPB will considerably increase the sensitivity of the electrode response. The use of 5.0% (w/w) NaTPB resulted in the best Nernstian behavior of electrode No. 7.
Effect of the pH
The effect of the pH on the response of the sensor was studied over two different concentrations (10 -3 and 10 -2 M) of Cu 2+ ions. Studies were carried out over a pH range of 1 -12. The addition of HCl or NaOH was done dropwise to adjust the pH. The potential difference was independent of the pH in the range 3 -11 (Fig. 2) . Therefore, this can be taken as the working pH range for the proposed electrode system. Since, at pH values lower than 4, a decrease in the potential was observed, the electrode probably starts responding to H + ions. At a pH greater than 12, the deviation can be assigned to the formation of Cu(OH)2 precipitates.
Response time, detection limit and life of ISE
The calibration parameters, response time and life-times of different membranes prepared with the 1,2,5,6,8,11-hexaazacyclododeca-7,12-dione-2,4,8,10-tetraene as an ionophore, by using the conditions described earlier (Table 2) No.
Composition (%, w/w) Slope Dynamic range PVC Plasticizer Ionophore NaTPB most ±0.5 mV. The prepared membrane electrodes were very stable and could be used over a period of 120 -150 days without observing any change in the response characteristics.
Selectivity coefficient
To investigate the selectivity of the proposed membrane electrode, its potential response was investigated in the presence of various interfering foreign cations using the matched potential method (MPM). 39, 40 According to MPM, the selectivity coefficient is defined as the activity (concentration) ratio of the primary ion and the interfering ion, which gives the same potential change in a reference solution. 41 The concentration of Cu 2+ used, as the primary ion in this study, was 1.0 × 10 -2 M. The resulting selectivity coefficients are summarized in Table 3 . As can be seen, most of the hard, soft and borderline metal ions used did not significantly disturb the functioning of the Cu 2+ ion-selective membrane electrode.
Comparison with other reported electrodes
In Table 4 , the response characteristics and the selectivity coefficients of the membrane electrode based on the ligand 1,2,5,6,8,11-hexaazacyclododeca-7,12-dione-2,4,8,10-tetraene of some potential interfering ions are compared with corresponding values previously reported for copper ionselective membrane electrodes based on a variety of different ionophores. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] As can be seen, the linear range and the response time of the proposed electrode are superior to those reported for other copper ion-selective electrodes, and its selectivity behavior is among the most selective Cu 2+ ion sensor reported. At the same time, easy synthesis of a highly lipophilic macrocyclic ionophore in bulk, using easily and economically available starting materials, makes the proposed ISE a better membrane electrode.
Applications
The proposed membrane electrodes were found to work well under laboratory conditions. The sensor was used as an indicator electrode in the successful titration of Cu 2+ with EDTA. The results are shown in Fig. 3 , indicating that the amount of copper ion can be accurately determined with the electrode.
It was successfully applied to the determination of copper in Indian black tea samples. With the use of the membrane sensor calibration curve, the copper contents in the black tea samples were determined from triplicate measurements with electrode; the results are given in Table 5 . As can be seen, the results obtained with the sensor were found to be in satisfactory agreement with those determined by atomic-absorption spectrometry.
The copper contents of the wastewater of four copper electroplating samples (after adjusting the pH of solution with LiOH at 5.5) were determined by using the proposed electrodes and atomic absorption spectrometry (AAS) ( Table 6 ). The results obtained from three replicate measurements show satisfactory agreement with those obtained by AAS.
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Conclusions
Out of several PVC-based membranes prepared using 1,2,5,6,8,11-hexaazacyclododeca-7,12-dione-2,4,8,10-tetraene (I) as an ionophore and different plasticizers (like DBP, DMS, DBBP, DOP and NaTBP), it was found that a membrane with DBP plasticizer having a composition (%, w/w) of 29.0:4.5:5.0:61.5 (PVC:I:NaTBP:DBP) gave the best performance. Its performance was compared with that of reported electrodes in Table 3 . It can be seen that it is comparable to the reported electrodes in many aspects, and that it shows significant superiority over them in terms of a wide concentration range, a better response time and a longer life span. Thus, the proposed sensor has shown better advancement over the several reported electrodes, and can be used for the determination of copper. 687 ANALYTICAL SCIENCES JUNE 2007, VOL. 23 
